Familial benign hypocalciuric hypercalcaemia (FBHH) is a genetically heterogeneous disorder that consists of three designated types, FBHH1, FBHH2 and FBHH3, whose chromosomal locations are 3q21.1, 19p and 19q13, respectively. FBHH1 is caused by mutations of a calcium-sensing receptor (CaSR), but the abnormalities underlying FBHH2 and FBHH3 are unknown. FBHH3, also referred to as the Oklahoma variant (FBHH Ok ), has been mapped to a 12cM interval, flanked by D19S908 and D19S866. To refine the location of FBHH3, we pursued linkage studies using 24 polymorphic loci. Our results establish a linkage between FBHH3 and 17 of these loci, and indicate that FBHH3 is located in a 4.1 Mb region flanked centromerically by D19S112 and telomerically by rs245111, which in the syntenic region on mouse chromosome 7 contains four Casr-related sequences (Gprc2a-rss). However, human homologues of these Gprc2a-rss were not found and a comparative analysis of the 22.0 Mb human and 39.3 Mb mouse syntenic regions showed evolutionary conservation of two segments that were inverted with loss from the human genome of 11.6 Mb that contained the four Gprc2a-rss. Thus, FBHH3 cannot be attributed to Gprc2a-rss abnormalities. DNA sequence analysis of 12 other genes from the interval that were expressed in the parathyroids and/or kidneys did not detect any abnormalities, thereby indicating that these genes are unlikely to be the cause of FBHH3. The results of this study have refined the map location of FBHH3, which will facilitate the identification of another CaSR or a mediator of calcium homeostasis.
INTRODUCTION
Familial benign hypocalciuric hypercalcaemia (FBHH), also referred to as familial hypocalciuric hypercalcaemia (FHH) or familial benign hypercalcaemia (FBH), is a heritable disorder of mineral homeostasis that is transmitted as an autosomal dominant trait with a high degree of penetrance. 1,2 FBHH is characterized biochemically by lifelong elevation of serum calcium concentrations and is associated with inappropriately low urinary calcium excretion and a normal or mildly elevated circulating parathyroid hormone (PTH) level. 1, 2 Hypermagnesaemia is typically present. Individuals with FBHH are usually asymptomatic and the disorder is considered benign. However, chondrocalcinosis 3 and pancreatitis 4 occur in some adults, and some children suffer from neonatal severe hyperparathyroidism (NSHPT), which is a life-threatening disorder associated with severe hypercalcaemia, hypotonia, bone demineralization, fractures and respiratory distress. 1, 5 FBHH and NSHPT in most families is caused by loss-offunction mutations of the gene encoding the calcium-sensing receptor (CaSR) located on chromosome 3q21.1. [5] [6] [7] FBHH individuals are heterozygous for the CaSR mutations, and the NSHPT patients may either be homozygous or heterozygous for the CaSR mutations, or have de novo heterozygous CaSR mutations. 1, 5 The human CaSR is a 1078 amino acid cell surface protein that is expressed predominantly in the parathyroids and kidneys, where it allows the regulation of PTH secretion and renal calcium reabsorption appropriate to the prevailing extracellular calcium ([Ca 2+ ] o ) concentration. 1 The CaSR is a member of family C of the superfamily of G-protein-coupled receptors (GPCRs) that includes the metabotropic glutamate receptors, V2R vomeronasal pheromone receptors, TAS1R taste receptors, g-amino butyric acid (GABA-B) receptors and the GPRC6A orphan receptor. 8 Ligand binding by the CaSR results in G q/11 -protein-dependent stimulation of phospholipase C (PLC) activity, causing the accumulation of inositol 1,4,5-triphosphate (IP 3 ) and the rapid release of calcium ions from intracellular stores ([Ca 2+ ] i ), followed by an influx of [Ca 2+ ] 0 . 9 These intracellular events mediate a decrease in the rate of PTH secretion from the parathyroid chief cell and a reduction in renal tubular calcium reabsorption. Thus, the CaSR has a key role in the regulation of [Ca 2+ ] 0 homeostasis, with inactivating mutations resulting in hypocalciuric hypercalcaemia and activating mutations resulting in the opposite manifestations of hypercalciuria with hypocalcaemia. 1, 2, 10, 11 In addition, CaSR activation through the G i -protein stimulates the extracellular signalregulated kinase (ERK)1/2 and the mitogen-activated protein (MAP) kinase cascade. 12 These pathways may have a role in regulating parathyroid cell proliferation and it is interesting to note that some CaSR-inactivating mutations may be associated with primary hyperparathyroidism. 13 However, loss-of-function mutations involving the 3234 bp coding region of the CaSR gene have been found in approximately two-thirds of FBHH patients. 14 Thus, it appears that other mutations involving the non-coding regions of the CaSR, or mutations involving other receptors and mediators of calcium regulation, may occur in FBHH patients.
The identification of two other FBHH loci not at chromosome 3q21.1 indicates genetic heterogeneity and supports the possibility that there may be additional CaSRs or second messengers involved in calcium homeostasis. One of these FBHH loci has been mapped to chromosome 19p, 15 and the other, which was identified in a kindred from Oklahoma and is referred to as the Oklahoma variant (FBHH Ok ), 16 has been mapped to chromosome 19q13. 17 These three genetically distinct types of FBHH have been designated as FBHH Type 1 (FBHH1, Mendelian Inheritance in Man (MIM) no. 145980), FBHH2 (MIM %145981) and FBHH3 (MIM %600740), with their chromosomal locations being 3q21.1, 19p and 19q13, respectively. 6, 15, 17 The genes for FBHH2 and FBHH3 remain to be identified, and in the pursuit of this objective we have previously mapped FBHH3 (ie, FBHH Ok ) to an approximate 12 cM interval flanked centromerically by D19S908 and telomerically by D19S866 on chromosome 19q13. 17 This interval is approximately 4.9 Mb in size and contains 179 genes. 17 To identify the genetic defect causing FBHH3, we undertook three approaches: first, we aimed to delineate further the critical chromosome interval on 19q13 by the use of 24 polymorphic markers (17 microsatellite tandem repeats and 7 single-nucleotide polymorphisms, SNPs); second, we examined the critical interval and its syntenic region on mouse chromosome 7 for candidate genes; and third, we searched DNA sequence abnormalities in 12 candidate genes from the critical interval that were also expressed in the parathyroids and/or kidney.
MATERIALS AND METHODS Patients
Forty members, from five generations, of the previously reported [16] [17] [18] FBHH Ok kindred were investigated. For these family members, the biochemical phenotype of FBHH was established 16 by documenting hypercalcaemia associated with a low ratio (o0.01) of calcium clearance to creatinine clearance. Elevated concentrations of serum PTH had been observed in some affected individuals 430 years of age (II.2, II.4, II.6, II.9 and III.6, Figure 1 ). Three adults 440 years of age (II.4, II.9 and III.3) also showed evidence of osteomalacia. An individual taking anticonvulsants that may alter Ca 2+ homeostasis, a man (IV.4) described previously 16 as suffering from hypocalcaemia due to hypoparathyroidism, and five individuals who were normocalcaemic children of unaffected parents were excluded from the linkage study; the haplotypes of individual (IV.4) were determined but were not included for analysis at the FBHH3 locus. Thus, the 34 family members from five generations included for genetic analysis of the FBHH3 locus consisted of 19 affected members, 13 unaffected members and 2 unaffected spouses ( Figure 1 ). Informed consent was obtained using protocols approved by the local and national ethics review committees.
Genetic markers
Leukocyte DNA was prepared from venous blood samples by standard methods from 35 members (19 affected and 16 unaffected) of the five-generation FBHH Ok kindred ( Figure 1 ). Polymorphisms in 17 microsatellite tandem repeats were detected as previously described 17, 18 using either fluorescently labelled primers (for the loci DM, D19S112, D19S745, gaat-p8371, D19S412, D19S219, D19S606, D19S902, D19S879 and D19S604) or radioactively (g-ATP 32 ) end-labelled primers (for the loci SULT2A1 (sulfotransferase family, cytosolic, 2A, dehydroepiandrosterone (DHEA)-preferring, member 1), GYS1 (glycogen synthase 1), HRC (histidine-rich calcium-binding protein), Rras, D19S317, D19S246 and KLK1 (kallikrein 1)). [19] [20] [21] [22] [23] Seven SNPs (rs17660300, rs10411262, rs12611226, rs12463216, rs11667229, rs24511 and rs3097342) were detected by PCR and restriction endonuclease analysis in a subset of individuals, as previously reported. 24 The order and genetic distances of these 24 polymorphic loci were deduced from published genetic maps [19] [20] [21] and the order of loci was taken as 19cen -D19S219 -DM -D19S112 -D19S745 -
Linkage analysis
The data from this and the previously reported study 17 were pooled for linkage studies. The affected individuals IV.16 and V.I ( Figure 1 ) have been recently ascertained and not previously reported. 17 Conventional two-point LOD scores were calculated using the LINKAGE computer programs, 17, 18 with the frequency and penetrance of FBHH Ok set at 10 À4 and 90%, respectively, 17,18 and a variation of these values had no significant effects on the results of the linkage analysis.
DNA sequence analysis
DNA from an FBHH Ok -affected member and an unaffected unrelated individual was used with gene-specific primers (details available on request) for PCR amplification, as described. 17 The DNA sequences of the PCR products were determined using methods as previously described. 17 Reverse transcriptase-PCR (RT-PCR) using gene-specific primers was used to exclude any splicing abnormalities, using total RNA extracted from an Epstein-Barr virus-transformed lymphoblastoid cell line from one affected and one unrelated normal individual, as previously described. 25 
Comparative genome analysis
Searches were undertaken of the National Center for Biotechnology Information 23 and Ensembl Bioinformatic databases. 22 A database search with nucleotide sequence was performed using the BLAST algorithm. A comparative genome analysis of the FBHH3 candidate region on human chromosome 19q13 and syntenic region on mouse chromosome 7 was undertaken.
RESULTS
Fourteen of the 17 polymorphic microsatellite markers, whose order in the 12 cM region on chromosome 19q13 has been established as 19 cen -D19S219 -DM -D19S112 -D19S745 -D19S412 -D19S606 -D19S902 -D19S879 -HRC -D19S604 -Rras -D19S317 -D19S246 -gaatp 8371 -19qter, [19] [20] [21] proved to be informative in the FBHH Ok family. Linkage between FBHH Ok and 10 of the 14 polymorphic loci (Table 1 ) from chromosome 19q13 was established with the highest peak LOD score of 6.92, at 0% recombination, being observed between D19S606 and FBHH Ok . These results confirm the previous localization of FBHH Ok to this region. 17 and III.4 that helped to map FBHH Ok centromeric to rs245111. Thus, the FBHH3 was mapped to an interval flanked centromerically by D19S112 and telomerically by rs245111. This interval was found to be 4.1 Mb in size and to contain 135 protein-coding genes and 24 predicted genes. [21] [22] [23] This human 19q13 region is syntenic to a region of mouse chromosome 7 that contains four GPCRs that have been referred to as Casr-related sequences as they have 430% identity and 450% homology at the amino-acid level to the human CaSR. 26 These four Casr-related sequences, 26 also known as Gprc2a-rs1, Gprc2a-rs2, Gprc2a-rs3 and Gprc2a-rs5, belong to family C of the GPCR genes and encode putative vomeronasal pheromone receptors. 27 On the basis of the high degree of identity and homology with the human CaSR, these represented highly likely candidate genes for FBHH3. However, a bioinformatic (BLAST) analysis of the human 19q13 region did not identify the human, or primate, homologues of the Gprc2a-rs genes, thereby precluding their mutational analysis for FBHH3. The basis for the absence of these Gprc2a-rs genes in man was revealed by a comparative analysis of the human chromosome 19q13 and syntenic regions on mouse chromosome 7. This showed that although both regions had close homologies, they also had several differences, as follows ( Figure 3) . First, the centromeric-to-telomeric orientation of human chromosome 19q13 was reversed on mouse chromosome 7, as previously described. 28 In addition, an 11.6 Mb region on mouse chromosome 7 that contains 35 murine genes including the four Gprc2a-rs was not present in the human genome (Figure 3) . In mouse, this 11.6 Mb region lies within a 39.3 Mb segment in which the centromeric 25.1 Mb, situated between the Lig1 and Pop4 genes, and the telomeric 2.6 Mb, situated between the Siglec5 and Emp3 genes, are otherwise evolutionarily conserved. However, the mouse 25.1 Mb centromeric and 2.6 Mb telomeric portions are inverted in man. Thus, the syntenic region in man is 22.0 Mb in size and is situated between the POP4 and SIGLEC5 genes (Figure 3 ). The 4.1 Mb FBHH3 candidate interval is located within this 22.0 Mb region.
The absence of the four Gprc2a-rs genes from the human 19q13 region initiated a search for other candidate genes for FBHH3. Twelve of these were selected on the basis of their renal and/or parathyroid expression, as well as of a known or likely influence on GPCRmediated signal transduction (Table 2) , for prioritized DNA sequence analysis. These 12 genes encoded the following: a PTH-related protein known as PTH2; 29 a prostacyclin GPCR known as PTGIR; 30 a G-protein g-subunit known as GNG8; an epithelial membrane protein known as EMP3 that has increased expression in parathyroid adenomas; 31 a lipid kinase known as SPHK2 that inhibits cell growth and is activated by ERK1/2 phosphorylation; 32 a G q/11 -protein-stimulated intracellular second messenger known as TULP2; 33 a protein known as NUCB1 that binds to the G i -protein and maintains a Ca 2+ storage pool in the golgi; 34 a protein known as HRC that has a key role in sarcoplasmic reticulum Ca 2+ cycling; 35 a putative cytosolic Ca 2+ -binding protein known as RCN3; 36 a guanine nucleotide exchange factor known as CYTH2 that has a role in CaSR-induced cytoskeletal reorganization during chemotaxis; 37 and a GTPase known as R-RAS that is activated by cyclic AMP and signals through nuclear factor-kB to modulate cell growth. 38 DNA sequence analysis of the coding region and intron-exon boundaries of these 12 genes, from an individual affected with FBHH Ok and from an unrelated normal individual, did not detect any abnormalities. In addition, RT-PCR excluded any splicing abnormalities, thereby indicating that these genes were unlikely to be responsible for FBHH Ok .
DISCUSSION
Our localization of the FBHH3 gene to a o10 cM region between D19S112 and rs245111 advances the search for this regulator of calcium homeostasis. The o10 cM interval containing FBHH3 is 4.1 Mbp in size, and contains 159 genes. [21] [22] [23] This large number of genes is consistent with chromosome 19 having a higher gene density than any other human chromosome. 21 The FBHH3 gene possibly encodes another CaSR or a mediator in the CaSR pathway. The report of four Gprc2a-rs located within the mouse syntenic region on chromosome 7, 26 suggested that these were likely candidate genes for FBHH3. However, a BLAST analysis of the human 4.1 Mb critical region revealed that it did not contain any of these four Gprc2a-rs. The absence of these four Gprc2a-rs in the human chromosome 19q13 was explained by a comparative genome analysis of the human and mouse syntenic regions. This revealed that the FBHH3 candidate interval on chromosome 19q13 is located in a region that had undergone chromosomal rearrangements during evolution following the divergence of primate and rodent species. Of the 39.3 Mb mouse region, a total of 27.7 Mb, comprising a 2.6 Mb telomeric and 25.1 Mb centromeric region, was evolutionarily conserved in man (Figure 3 ). However, a murine 11.6 Mb region was not present in man, and this region contained the four Gprc2a-rs genes together with 31 other genes that are not present in man. Moreover, human chromosome 19 is known to have the highest break point density when compared with other human chromosomes, 39 and the pronounced molecular divergence from rodents may explain the loss of the Casr-related sequences from the human genome during evolution. The absence of Gprc2a-rs genes within the critical FBHH3 interval led us to consider the possible involvement of other mediators in the CaSR pathway. The CaSR pathway, which begins with ligand binding by the CaSR, involves G-protein-dependent stimulation of PLC activity that causes an accumulation of IP 3 and a rapid release of [Ca 2+ ] i from intracellular stores, followed by an influx of [Ca 2+ ] o . 9 The intermediaries between CaSR activation, the elevation of [Ca 2+ ] i , and the physiological response of a decrease in the rate of PTH secretion from the parathyroid cell and a reduction in renal tubular calcium reabsorption are likely to involve GTP-binding proteins and calcium-binding proteins that may be either calcium-dependent enzymes or calciumdependent modulating proteins, and alterations in cyclic AMP and the MAP kinase cascade. Database searches of the 4.1 Mb interval containing FBHH3 on chromosome 19q13 revealed 12 candidate genes for FBHH3 that were considered to be components of GPCR-mediated signal transduction, and that were also expressed in the kidneys and/or parathyroid glands ( Table 2 ). The absence of DNA sequence abnormalities in an individual with FBHH3 indicated that these 12 genes are unlikely to be involved in the aetiology of this disorder. Hence, other candidate genes need to be considered and similarly analyzed. In summary, our results, locating FBHH3 to a o10 cM region that is 4.1 Mbp in size on human chromosome 19q13, [21] [22] [23] have further delineated the interval for this disorder of calcium homeostasis. Furthermore, we have shown by comparative analysis that this region has undergone complex rearrangements during evolution that include the inversion of two conserved regions and a deletion of a 11.6 Mb region that contains 35 murine genes, including four Gprc2a-rs genes.
